SCIENTIFIC 

REPORTS 





OPEN 



SUBJECT AREAS: 

MECHANICAL 
PROPERTIES 

METALS AND ALLOYS 



Received 
30 April 2014 

Accepted 
30 June 2014 

Published 
21 July 2014 



Correspondence and 
requests for materials 
should be addressed to 
Y.-Y.Z. (zhaoyy® 
nimte.ac.cn); B.L.S. 
(blshen@seu.edu.cn) 
or R.-W.L. (runweili® 
nimte.oc.cn) 



Composition Effect on Intrinsic Plasticity 
or Brittleness in Metallic Glasses 

Yuan-Yun Zhao''^, Akihisa Inoue'-^'', Chuntao Chang' Jian Liu''^, Baolong Shen'', Xinmin Wang' -^ 
& Run-Wei Li' ^ 



' Key Laboratory of Magnetic Materials and Devices, Ningbo Institute of Materials Technology and Engineering, Chinese Academy 
of Sciences, Ningbo 3 1 5201 , China, ^Zhejiang Province Key Laboratory of Magnetic Materials and Application Technology, 
Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 3 1 5201 , China, ''International 
Institute of Green Materials, Josai International University, Togone 283-8555, Japan, "School of Materials Science and Engineering, 
Southeast University, Nanjing 2111 89, China. 

The high plasticity of metallic glasses is highly desirable for a wide range of novel engineering applications. 
However, the physical origin of the ductile/brittle behaviour of metallic glasses with various compositions 
and thermal histories has not been fully clarified. Here we have found that metallic glasses with 
compositions at or near intermetallic compounds, in contrast to the ones at or near eutectics, are extremely 
ductile and also insensitive to annealing-induced embrittlement. We have also proposed a close correlation 
between the element distribution features and the plasticity of metallic glasses by tracing the evolutions of 
the element distribution rearrangement and the corresponding potential energy change within the sliding 
shear band. These novel results provide useful and universal guidelines to search for new ductile metallic 
glasses at or near the intermetallic compound compositions in a number of glass-forming alloy systems. 

Over the last two decades, bulk metallic glasses (BMGs), which exhibit favourable mechanical properties, 
have attracted significant attention as novel structural materials because they possess many advantages 
in terms of engineering applications, such as outstanding high yield and fracture strength, large elastic 
strain, high stored energy up to final failure, excellent corrosion resistance and good wear resistance'. However, 
most monolithic BMGs usually exhibit catastrophic failure during room temperature deformation due to highly 
localized shear bands, which significantly limits the possible applications fields of BMGs' ^ Therefore, obtaining 
monolithic BMGs with high plasticity and understanding the reason why some metallic glasses are brittle whereas 
others are relatively ductile are of great importance from both scientific and engineering perspectives. In the past 
decade, it has been reported that monolithic BMGs with various alloy compositions exhibit a significant diversity 
in the fracture toughness and/or plasticity*", which has been interpreted to be associated with the critical values 
for elastic and shear moduli, e.g., Poisson's ratio (v)''" For example, BMGs with high v values above 0.31-0.32 
that contain Pd, Pt, Cu, and Zr as base components are relatively tough, whereas Mg- and Fe-based systems with 
low V values less than 0.31-0.32 are brittle'*. Although this empirical rule has led to the successful designing of 
BMGs with high plasticity by alloying with elements possessing high v value^ '", one can notice the significant 
disparity in the empirical rule of toughness/plasticity among major BMGs. For example, some Au- and Pd-based 
BMGs possess high v values exceeding 0.39, but they clearly demonstrate a brittle behaviour''". Thus, the 
mechanism and origin for the formation of ductile BMGs are not fuUy understood. In addition, when metallic 
glasses are annealed at a temperature below and near glass transition temperature (Tg), the structure relaxes 
towards a lower internal energy state. This phenomenon is known as structural relaxation and is usually accom- 
panied by severe annealing-induced embrittlement for most of metallic glasses'''^ '^. The embrittlement of 
annealed metallic glasses has mainly been attributed to a reduction in free volume, Vf, which is defined as the 
portion of volume surrounding an atom that can be exchanged with neighbouring atoms without requiring any 
energy expenditure'^ '*. However, in 'view that the validity of the free-volume concept is obvious for systems of 
hard-spheres, the relevance of the concept is less obvious in understanding the ductile-to-brittle transition of the 
relaxed metallic glasses. Since atoms are soft and squeezable they may be able to move without free space''\ 
Therefore, the physical origin of the ductile/brittle behaviour of metallic glasses with wide ranges of alloy 
compositions and thermal histories has not been fully clarified. 

It is well known that a eutectic alloy system is preferable for the formation of bulk metallic glass by cooling a 
liquid with a composition at or near its eutectic composition"'. However, bulk glass formation is also singularly 
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Figure 1 | Composition characteristics, (a-e) Near-equilibrium solidification microstructures of the El, E2, CI, C2, and C3 alloys quenched at 1023 K, 
respectively. The CI, C2, and C3 alloys are located at or very close to each intermetaUic compound composition, (f) The DSC traces of the El, E2, CI, C2, 
and C3 alloys near their melting temperatures during heating. 



observed for a few alloys with intermetallic compound composi- 
tions''''*. For example, a CusoZrso BMG can be formed precisely at 
the composition of CuZr intermetallic compound"*. Unfortunately, 
due to the lack of an intensive study of bulk metallic glasses located at 
or near intermetallic compound compositions (C-MGs), C-MGs are 
seldom found and few systematic studies have been performed on the 
differences in structure, thermal stability, deformation and ductility 
between C-MGs and metallic glasses located at or near eutectic com- 
positions (E-MGs). 

Here we have found that the dramatic composition effect on duct- 
ile/brittle behaviour of metallic glasses in different thermal history 
states can be well understood by the new concept of E-MGs and C- 
MGs classification. We clarified systematically for the first time that 
the E-MGs in the as-cast state are brittle, whereas the C-MGs are 
ductile. Although the progress of structural relaxation by annealing 
causes an increase in yield strength, hardness and density for both the 
E-MGs and the C-MGs, its influence on plasticity is dependent on 
the types of metallic glass. Specifically, the limited plasticity of the E- 
MG alloys corresponding to a number of bulk glassy alloys decreases 
further with annealing, whereas the high plasticity of the C-MG 
alloys is preserved. Moreover, we have also revealed a close correla- 
tion between the element distribution characteristics and the plas- 
ticity of metallic glasses on the basis of the evolutions of the 
differences in the element distribution state and the corresponding 
potential energy change within the sliding shear band. In addition, 
the element distribution features of typical E-MG and C-MG have 
also been experimentally proved to be inhomogeneous and homo- 
geneous, respectively. 

Results 

Composition features of the E-MGs and C-MGs. We chose Cu^q- 
ZrsoTiio, Cu49Hf42Al9, Cu47Zr47Ti6, Cu44Zr52Al4, and ZrsgCuis- 
Nii5Ali2 bulk glass-forming alloys, which are labelled with El, E2, 
CI, C2, and C3, respectively. Figure la-e show the representative 
near-equilibrium solidification microstructures of the El, E2, CI, C2, 
and C3 alloys, respectively. The near-equilibrium solidification 
microstructure of the El alloy includes three crystalline phases, 
marked with A, B, and C, with nominal compositions of 
Cu48Zr32Ti2o (the Cu2ZrTi phase), Cu57Zr37Ti6 (the CuioZr7 phase 
with Ti solution), and Cu74Zr25.5Tio.5 (the CugZr, phase). 



respectively''. In the E2 alloy, a typical ternary eutectic structure 
can be observed. The white-, black-, and gray-colored phases in 
the eutectic structure have a composition of CussHfss (the CuHf2 
phase), Cu56Hf23Al2i (the CuiiHf4Al5 phase), and Cu59Hf4i (the 
CuioHf7 phase), respectively. Thus the El and E2 alloys with 
eutectic reactions of L ^ CuioZr7 + Cu8Zr3 + Cu2ZrTi" and L 
CuioHf7 + CuHf2 + CuiiHf4Al5'"''^', respectively, are represented as 
E-MGs. On the other hand, the near-equilibrium solidification 
microstructures of the CI, C2, and C3 alloys consist of a mostly 
single phase with the same composition as the alloys (although a 
small amount of second phase is observed), indicating that the CI, 
C2, and C3 alloys are located at or very close to each intermetaUic 
compound composition. Thus the CI, C2, and C3 BMGs are 
represented as C-MGs. Figure If shows the DSC traces of the El, 
E2, CI, C2, and C3 alloys in the temperature range near their melting 
temperatures during heating. The onset temperature of melting ( Tj,,) 
and liquidus temperature (Ti) are summarized in Table 1. The 
dominative single endothermic signals further prove that the 
compositions of these alloys are located at or very close to the 
eutectic compositions (El and E2 alloys) or the intermetallic 
compound compositions(Cl, C2, and C3 alloys). 

XRD and DSC. Figure 2a shows the XRD patterns of the El, E2, CI, 
C2, and C3 rod samples with a diameter of 2.5 mm prepared by 
copper mould casting. These samples were annealed for 3 h at Tg- 
20 K. No distinct peak corresponding to crystalline phase is observed 
in the diffraction patterns of the annealed samples, indicating that all 
of these alloys have a glass-forming ability with maximum diameters 
above 2.5 mm and that the well-annealed samples are structurally 
relaxed in the absence of crystalline phases. The glassy nature of the 
2.5 mm rod samples is further ascertained from optical micrographs 
(see Supplementary Fig. SI). The Tg of the as-cast El, E2, CI, C2, and 
C3 BMGs is 705 K, 776 K, 659 K, 678 K, and 683 K, respectively 
(Fig. 2b). After annealing for 3 h at Tg-20 K, these samples show a 
much clearer endothermic heat recovery in the glass transition 
region as compared with the as-cast samples (Fig. 2c). 

Deformation behaviour in compressive and bending tests. 

Figure 3a and b show the stress-displacement curves of the as-cast 
and annealed El, E2, CI, C2, and C3 BMGs, respectively. The as-cast 
El, E2, CI, C2, and C3 BMGs exhibit elastic strain limits of —2% 
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Table 1 j The mechanical properties, the glass transition temperatures (7g), the onset temperature of melting (7^)/ fhe liquidus temperature 
{Ti), and the density changes by annealing (or free volume changes by annealing, Avf = (AV/Vq) X 1 00%) of the El , E2, CI , C2, and C3 
BMGs investigated in the as-cast and annealed states 



Yield stress, Oy (MPa) Plastic strain, s Hardness, Hv 



Composition 


T'glK) 


T„,(K) 


7"l(K) 


as-cast 


annealed 


as-cast 


annealed 


as-cast 


annealed 


Avf 


Cu6oZr3oTiio(El) 


705 


1 108 


1229 


2030 


2190 


-0.3% 


0 


559 ± 3 


588 ± 3 


-0.42% 


Cu49Hf42Al9(E2) 


776 


1209 


1267 


2300 




~0. 1 % 


0 


625 ± 3 


660 ± 3 


-0.28% 


Cu47Zr47Ti6 (CI) 


659 


1116 


1 193 


1720 


1820 


-4% 


-3% 


460 ± 3 


485 ± 3 


-0.37% 


Cu44Zr52Al4(C2) 


678 


1 137 


1209 


1840 


1920 


-4% 


-5% 


475 ± 3 


492 ± 3 


-0.34% 


Zr58Cu,5Ni,5AI,2(C3) 


683 


1 100 


1 146 


1900 


2010 


~67o 


-6% 


493 ± 3 


510 ± 3 


-0.47% 



before yielding at -2030, -2300, -1720, -1840, and -1900 MPa 
with plastic displacements of -0.01, -0.004, -0.15, -0.15, and 
—0.23 mm, respectively (Fig. 3a). These displacements correspond 
to nominal engineering plastic strains of —0.3%, —0.1%, —4%, —4%, 
and —6%, respectively. As shown in Fig. 3b, the yield stress value of 
the annealed El BMG is -2190 MPa, -8% higher than that of the 
as-cast sample. However, no plastic strain can be observed for the 
annealed El sample. As for the annealed E2 BMG, the test sample 
fails at a stress (af = 2060 MPa) far before yielding, exhibiting an 
obviously brittle behaviour. On the other hand, the yield stress values 
of the annealed CI, C2, and C3 BMGs are -1820, -1920, and 
—2010 MPa, respectively, which are —5-6% higher than those of 
the as-cast samples. Especially, it is notable that the plastic 
displacements of the annealed CI, C2, and C3 BMGs are very 
similar to those obtained for the as-cast CI, C2, and C3 BMG 
samples, with nominal engineering plastic strains of —3%, —5%, 
and —6%, respectively. 

Table 1 summarizes the mechanical properties and the annealing- 
induced density change (or annealing- induced free volume change, 
Avf = (AV/Vo) X 100%) of the El, E2, CI, C2, and C3 BMGs. The 
Avf values are measured to be 0.42%, 0.28%, 0.37%, 0.34%, and 0.47% 
for the El, E2, CI, C2, and C3 BMGs, respectively. This clearly 
indicates that the reductions in Avf by annealing are not related to 
the ductUe/brittle behaviour of metallic glasses, being inconsistent 
with the previous common concepts. 

The inset in Fig. 3b shows that a dominative single shear band 
contributes to most of the plastic deformation of the C3 BMG sam- 
ple. With the aim of further confirming the significant difference in 



the deformability between E-MGs and C-MGs in the as-cast and 
annealed states, bending tests are also performed. The outer appear- 
ances of the bent specimens are presented in Fig. 3c. The as-cast El 
and E2 plate samples show limited bending deformation prior to 
failure, and their deformability is apparently reduced by annealing. 
On the other hand, marked deformability and multiple shear bands 
are observed on the compression and tensile stress sides of the CI, 
C2, and C3 plate samples in both the as-cast and annealed states after 
they were bent over a pressure head with a mandrel radius of 5 mm 
(Fig. 3c-e).The results of the compressive and bending tests clearly 
indicate that the E-MGs in the as-cast state are brittle, whereas the C- 
MGs are ductile. In addition, although structural relaxation by 
annealing causes an increase in yield strength, hardness and density 
for both the E-MGs and the C-MGs, its influence on plasticity is 
dependent on the types of bulk metallic glass. The limited plasticity 
of the E-MG samples decreases further with annealing, whereas the 
high plasticity of the C-MG samples is preserved. 

A deformation model. According to the potential energy landscape 
theory"^^, different atomic configurations of metallic glasses are 
located in distinct energy minimum states^'*'^''. Structural relaxation 
or shear flow of metallic glasses can be described as an activated 
transition between neighbouring energy minimum states by 
surmounting an energy barrier^^'^''. The extra energy that is 
provided to the system, either by annealing or stress, assists this 
transition^'. The local minima, and therefore the energy barriers, 
may eventually disappear with increasing annealing time or stress. 
This process renders the system mechanically unstable and forces the 
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Figure 2 | XRD patterns and DSC traces, (a) XRD patterns of the El, E2, CI, C2, and C3 BMG rods with a diameter of 2.5 mm prepared by copper mould 
casting. The samples were annealed for 3 h at Tg-20 K. (b) and (c) DSC traces of the as-cast and annealed El, E2, CI, C2, and C3 BMG rods with a 
diameter of 2.5 mm, respectively. 
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Figure 3 | Deformation behaviours in compressive and bending tests, (a) and (b) Compressive stress-displacement curves of the as-cast and annealed 
El, E2, CI, C2, and C3 BMG rods with a diameter of 2 mm, respectively. The inset of (b) shows that the deformation of the annealed C3 BMG was 
concentrated within a single dominative shear band, (c) Pictures of the outside of the as-cast and annealed El, E2, CI, C2, and C3 plate samples bent over a 
mandrel with a 5 mm radius, (d) and (e) SEM micrographs of the as-cast and annealed C3 BMG plate samples after bending, respectively. 



transition of the metallic glass to a different atomic configuration 
with minimum energy"^''^". This mechanism is associated with the 
local atomic configuration of the metallic glasses'*'^''. Therefore, 
metallic glasses possessing particular element distribution characte- 
ristics (inhomogeneous or homogeneous) reflect specific potential 
energies, which depend on different composition characteristics and 
thermal histories. Based on the potential energy landscape theory 
and the present experimental results, a close correlation between 
the element distribution characteristics and the plasticity of 
metallic glasses can be proposed as follows. 

As is well known, when a eutectic liquid is rapidly cooled below its 
equilibrium melting temperature, there is a driving force for atomic 
rearrangement and/or element diffusion prior to nucleation, because 
the free energy of liquid is higher than that of solid phase. Therefore, 
"up-hill" diffusion takes place until the equilibrium compositions are 
reached. This process is referred to as spinodal decomposition^''^". 
Based on this kind of atomic rearrangement or partial diffusion 
process in the supercooled liquid prior to the glass transition in 
glass-forming alloys" Figure 4a shows a schematic diagram of 
the element distribution state of an as-cast E-MG, which is related 
to a binary eutectic transition of L ^ cx + p. The blue- and red- 
colored atoms represent elements A and B, respectively. Specifically, 
the composition cluster enriched with either element A or element B 
has a composition between L and nor L and p, respectively, which is 



represented by cXi or Pi, respectively. For metallic glasses with this 
element distribution state, the potential energy related to the chem- 
ical configuration is defined as Ui (Fig. 4e).When the as-cast E-MG is 
subjected to isothermal annealing for a sufficiently long time at a 
temperature close to Tg, the additional energy assists the system in 
surmounting the energy barrier and promotes the diffusion of the 
elements. When this happens, the composition clusters combine and 
grow. The grown composition clusters are represented as ctj and P2, 
which have compositions that are much closer to a and P than oci and 
Pi, respectively (Fig. 4b). In this element distribution state, the poten- 
tial energy is defined as U2, which, when considering the thermodyn- 
amics, is lower than Ui. 

When the as-cast E-MG is subjected to a stress up to the yield 
strength under a uniaxial compressive stress (as shown in Fig 4d), a 
single dominating shear band is formed, and viscous flow occurs 
throughout the entire shear band in a serrated flow manner"". The 
shear band is approximately 10-20 nm thick*", whereas the shear 
displacement for one sliding event has been measured to be 1- 
2 |im in 1-2 ms"""". As a result, the local strain in the sliding shear 
band could increase up to —100 in 1-2 ms. Taking into account this 
extremely large shear strain and the low viscosity due to stress- 
induced glass transition in the sliding shear band" "", we speculate 
that the element distribution state over the entire sliding shear band 
may experience an intense atom mixing effect immediately after 
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Figure 4 | Schematic diagrams of a deformation model of metallic glasses with different composition characteristics and thermal histories, (a), (b) and 
(c) The element distribution characteristics of an E-MG in as-cast, annealed and sheared state, respectively, (d) The evolution of the element distribution 
state within the sliding shear band immediately after yielding for the E-MG. The element distribution of the E-MG is inhomogeneous in the as-cast state. 
This type of inhomogeneous state can be further promoted by structural relaxation, whereas the element distribution state can achieve a completely 
homogeneous state by an intense mixing effect within the sliding shear band, (e) The corresponding potential energy of the E-MG in different states. The 
more uniform the element distribution is, the higher the potential energy becomes, (f), (g) and (h) The element distribution characteristics of a C-MG in 
as-cast, annealed and sheared state, respectively, (i) The evolution of the element distribution state within the sliding shear band after yielding for the C- 
MG. (j) The corresponding potential energy of the C-MG in different states. 



yielding. As the sliding distance increases, the mixing effect strength- 
ens. Eventually, a completely homogeneous element distribution 
state is achieved within a short sliding distance (Fig. 4c and d). 
This element distribution state corresponds to a potential energy 
of L/3, which, when considering the thermodynamics, is considerably 
higher than Ui and U2 (Fig. 4e). Thus, the potential energy of the as- 
cast E-MG within the sliding shear band rapidly increases from C7i to 
(73 within a short sliding distance immediately after yielding. The 
increased potential energy, AUs.i, causes an abrupt decrease in 
atomic bond force and stability within the sliding shear band, result- 
ing in catastrophic failure for the tested samples. Moreover, since the 
potential energy of the annealed E-MG {Uj) is lower than Ui, the 
magnitude of the increased potential energy within the sliding shear 
band (AL'3.2) is lager than AL/3.1. This result means that a larger 
reduction in atomic bond force and stability occurs for the annealed 
sample than that for the as-cast one. Therefore, the annealed E-MG is 
much more brittle than the corresponding as-cast E-MG. 



On the other hand, since the competitive crystalline phase of a C- 
MG has the same composition as the alloy, chemical decomposition 
does not occur in the supercooled liquid phase prior to the glass 
transition and a homogeneous distribution of the constituent ele- 
ments is expected in the frozen metallic glass phase. Thus the chem- 
ical distribution of the C-MG in the as-cast or annealed states is 
identical to the chemical distribution in the sliding (completely 
mixed) state immediately after yielding (Fig. 4f-i). Accordingly, 
the potential energies in different states are equal, that is, 1/3 = Ui 
or 1/3 = U2 (Fig. 41 and j). The uniformity of the potential energy 
within the sliding shear band before and after yielding allows a stable 
propagation of the sliding shear band. Therefore the C-MG is highly 
ductile in both the as-cast and annealed states. 

Element distribution investigation. With the aim of confirming the 
appropriateness of the above model, we investigate the element 
distribution states of the as-cast and annealed El and CI BMGs 
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Figure 5 | Element concentration profiles of the metallic glasses with different composition characteristics and thermal histories, (a) The El BMG 

sample in the as-cast state, (b) The El BMG sample annealed at Tg-20 K for 3 h, (c) The CI BMG sample in the as-cast state, and (d) The CI BMG sample 
annealed at T„-20 K for 3 h. 



which belongs to the same Cu-Zr-Ti alloy system with different 
composition characteristics. High-resolution TEM image and 
selected area electron diffraction pattern reveal that the glassy 
structures of the tested El and CI samples are still preserved after 
annealing for 3 h at T^-IO K (see Supplementary Fig. S2). Figure 5a 
shows the element concentration profUes of the as-cast El BMG 
sample taken from a 2 mm rod. By eliminating the scattering noise 
signal, the concentration profiles clearly indicate appreciable 
fluctuations in the Cu and Ti concentrations with the features of 
enriched Cu and depleted Ti. Figure 5b shows the progress of 
fluctuation tendency in the Cu, Zr, and Ti concentrations for the 
annealed El BMG. This finding provides a direct evidence of 
uphill diffusion which is related to the spinodal decomposition or 
phase separation prior to crystallization. On the other hand, no 
distinct fluctuations are recognized in the concentration profiles of 
the Cu, Zr, and Ti for the as-cast and annealed CI BMG (Fig. 5c and 
d, respectively). Recently, similar results have also been observed in 
Cu5oZr45Gd5 BMG and Cu5oZr48Gd2 BMG (near the composition of 



the CusoZrso intermetallic compound) with inhomogeneous and 
homogeneous element distribution features, respectively""". All of 
these results prove that different types of metallic glass have 
distinctly different element distribution characteristics. It is thus 
concluded that the distribution state of the constituent elements is 
inhomogeneous for E-MGs and homogeneous for C-MGs. 

Discussion 

In general, the intrinsic mechanical properties of monolithic metallic 
glasses are controlled by the alloy composition (i.e., the atomic frac- 
tions of constituent elements in the alloy) and by the internal atomic- 
level "structure", i.e., how the atoms of various species are mixed 
(including the element distribution characteristics), topologically 
packed and bonded in the alloys''''. In contrast with the understand- 
ing of the mechanical properties of crystalline metals and alloys, 
which correlate with the microstructure of the material, the lack of 
an in-depth description of the topological structures of various mul- 
ticomponent bulk metallic glasses as well as the inability to conduct 
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Figure 6 | Schematic diagrams (taking binary phase diagrams as examples) illustrating the composition dependence of intrinsic plasticity or brittleness 
in metallic glasses with different compositions and thermal histories, (a) Glass-forming alloy systems in which any of the intermetallic compound 
composition has no glass-forming ability and the glass-forming composition regions are just confined around the composition of the eutectics. (b) Glass- 
forming alloy systems in which the glass-forming composition regions can extend from the eutectics to the corresponding intermetallic compounds. The 
yellow- and purple- regions represent the glass-forming composition regions of E-MGs and C-MGs, respectively. A hybrid-type glass-forming 
composition region (H-MGs) between E-MGs and C-MGs is also presented. 



systematic parametric studies of a multicomponent glassy structure 
is major impediments for gaining such knowledge about bulk metal- 
lic glasses. Here we propose that the investigation of the element 
distribution characteristics of metallic glasses, as a much easier 
approach compared with the study of topological structures, may 
provide us a new viewpoint to understand the intrinsic ductile/brittle 
behaviour of monolithic bulk metallic glasses with various alloy 
compositions and different thermal histories. In view that the ele- 
ment distribution characteristics (homogeneous or inhomogeneous) 



of bulk metallic glasses with different composition features can be 
well deduced on the basis of the information of phase diagrams, a 
universal guideline to search for new ductOe monolithic bulk metallic 
glasses in other known and unknown glass-forming alloy systems 
can be proposed, as illustrated in Figure 6. As for the glass-forming 
alloy systems in which any of the intermetallic compound composi- 
tion has no glass-forming ability and the glass-forming composition 
regions are just confined around the composition of the eutectics, 
these metallic glasses exhibit obvious brittle characteristics owing to 



Table 2 | A summary of some reported Pt-, Pd-, 
close to that of their corresponding compounds, 

Alloy system Compound with GFA 


and ZrCu based BMGs that 
which belong to the C-MGs 

Corresponding C-MG 


possess high plasticity. These BMGs have compositions at or 
or H-MGs classification 

Reported ductile BMG Ref 


Cu-Zr 


CuZr 


Cu5oZr5o 


CujoZr^o 


[45, 46] 


Pd-Si 


PdsSi 


Pd83.3Si]6.7 


Pd8lSii9 


[45, 47] 


PfP 


Pt5P2 


Pt72P28 


Pt57.5Cui4.7Ni5 3P22.5 


[45, 48] 


Ni-Pd-P 


NisPdaPz 


Ni5oPd3oP20 


Ni5oPd3oP20 


[49, 50] 


Pd-P 


Pd4.8P 


Pd82.8Pl7.2 


Pd79Ag3.sP6Si9.sGe2 


[45,51] 


Pd-Si 


PdjSi 


Pd83.3Sii67 






Pd-Ge 


PdsGe 


Pd83.3Gei6.7 






Zr-Cu-Ni-AI 


Zr58Cu,jNii5Al,2 


Zr58Cu,5Nii5AI,2 


Zr64.i3Cu1s.75Ni10.i2AI 10 


[5], This work 
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their E-MGs character (Fig. 6a). However, for the glass-forming alloy 
systems in which the glass-forming composition regions can extend 
from the eutectics to the corresponding intermetaUic compounds, a 
dramatic composition effect on intrinsic plasticity or brittleness in 
these glass-forming alloy systems is expected. Specifically, as can be 
seen in Figure 6b, metallic glasses with compositions at or near 
intermetaUic compounds (C-MGs), in contrast to the ones at or near 
eutectics (E-MGs), are extremely ductile and also insensitive to 
annealing-induced embrittlement. In addition, it is also worth noting 
that there might be a glass-forming composition region which is 
exactly located at the region between the E-MGs-forming region 
and the C-MGs-forming region. Metallic glasses in this composition 
region are represented as hybrid-type metallic glasses (H-MGs), 
which is also much ductile than typical E-MGs, as illustrated in 
Figure 6b. 

To further confirm this universal point. Table 2 summarizes typ- 
ical highly ductile BMGs that have been previously studied up to 
date^ ''^^"^'. All of the BMGs listed here have compositions at or near 
that of their corresponding intermetaUic compounds, which belong 
to the C-MGs or at least belong to the H-MGs classification. In 
contrast, although bearing high Poisson's ratios (larger than 0.4), 
Au-based BMGs exhibit brittle characteristics owing to their E- 
MGs character, which is related to a eutectic reaction of L ^ Au 
+ Si"'''\ In addition, the well-known brittleness of the Mg-based and 
Fe-based BMGs can also be weU understood by their E-MGs char- 
acters. For example, brittle Mg-Cu-RE (RE = Gd or Y) BMGs"'", 
Mg-Zn-Ca BMGs", and Fe-B-based BMGs"'=''' are related to the 
eutectic reactions of L ^ MgzCu -I- MgsCuRE"-^", L ^ Mg -I- 
Ca2Mg5Zni3^''''''°, and L ^ Fe + Fe2B''^, respectively. These results 
are consistent with the guideline proposed in Figure 6a. 

In conclusion, we have confirmed the universal correlation 
between intrinsic plasticity or brittleness and element distribution 
characteristics of E-MGs and C-MGs in both as-cast and annealed 
states. Our work discovers that the composition dependence of plas- 
ticity or brittleness in BMGs in various thermal history states can be 
well understood by the new concept of E-MGs and C-MGs classifica- 
tion. It is particularly noticed that the C-MGs which possess a homo- 
genous element distribution state are ductile and have an extremely 
high resistance to annealing-induced embrittlement. This finding 
will greatly enhance the application potential of the C-MGs as struc- 
tural materials, even in the case where thermal treatment is unavoid- 
able. Moreover, we proposed a new interpretation that the physical 
and chemical origins for the appearances of ductile C-MGs and 
brittle E-MGs with various thermal history states are closely related 
to the element distribution features of the metallic glasses, being 
inconsistent with the previous empirical rules or common concepts, 
which correlate the ductile/brittle behaviour of metallic glasses with 
Poisson's ratio or free volume change, etc. Based on this view of 
point, we have revealed a close correlation between the element 
distribution characteristics and the plasticity of metallic glasses, 
which has significant implications on understanding the intrinsic 
ductUe/brittle behaviour of metallic glasses with wide ranges of com- 
positions and thermal histories. The present discovery also provides 
useful and universal guidelines, based on the information of phase 
diagrams, to aid in searching for new ductile bulk metallic glasses at 
or near the intermetaUic compound compositions in other known 
and unknown glass-forming alloy systems. 

Methods 

Ternary CugoZrioTi^o, Cu49Hf42Al9, Cu47Zr47Ti6, and Cu44Zr52Al4 alloys and qua- 
ternary Zr58Cui5Nii5AIi2 alloy were chosen in the present study. The master alloys 
were prepared by arc melting a mixture of pure elements under an Ar atmosphere. 
Rods of 2-2.5 mm in diameter and plates of 1 mm in thickness and 8 mm in width 
were produced by copper mould suction casting. Some of the as-cast samples were 
isothermally annealed for 3 h at Tg-20 K. The amorphous nature and the thermal 
parameters of the 2.5 mm rods were ascertained by X-ray diffraction (XRD) and 
optical microscope. The glass transition temperature, the onset temperature of 
melting, and the liquidus temperature of the alloys were investigated by differential 



scanning calorimetry (DSC) at a heating rate of 20 K/min. Samples with a gauge 
aspect ratio of 2 : 1 were cut from 2 mm rods for uniaxial compression testing with a 
strain rate of 4 X 10"'' s"\ Samples with dimensions of —0.9 X 1.2 X 18 mm"* were 
cut from the as-cast and annealed plates and tested using a homemade bending 
apparatus. The mandrel radius and the span of the bending apparatus are 5 mm and 
13 mm, respectively. The density of the as-cast and annealed samples was measured 
using the Archimedes method in purified water at room temperature. The effective 
resolution for the density measurement is ±0.0005 g/cm^. The same bulk samples, 
with an approximate weight of 3 g, were used to measure the density before and after 
annealing. A micro-hardness test was performed using a Mitutoyo MVK-H3 hard- 
ness tester with a 1 kg load and a 10 s loading time. The micro-hardness was obtained 
from the average of 10 individual measurements. To obtain near-equilibrium 
solidification microstructures of the alloys, sealed quartz tubes containing molten 
master alloys were cooled from 1273 K to 1023 K at a cooling rate of 1 K/min, 
followed by quenching into water from 1023 K. The near-equilibrium solidification 
microstructures of the master alloys and the deformation and fracture features of the 
BJVIG samples were observed with a scanning electron microscope (SEM). The local 
compositions of the constituent phases in the near-equilibrium solidification 
microstructures were determined using an energy-dispersive X-ray spectrometer 
(EDS) attached to the SEJVI. A dual-focus ion beam system (SII 3050MS) was used for 
the fabrication of the transmission electron microscopy (TEM) samples from the 
2 mm metallic glass rods. The TEM observations were performed using a JEOL 
JEM2100F microscope operating at 200 kV. The element concentration profiles of 
the samples were obtained using an EDS attached to the TEM. 
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